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Effect of nanoparticle size on nucleate pool boiling heat transfer of refrigerant/oil mixture with nanopar-
ticles was investigated experimentally. For the preparation of the test fluid, refrigerant R113, ester oil
VG638, and Cu nanoparticles with three different average diameters of 20, 50 and 80 nm were used. Exper-
imental conditions include a saturation pressure of 101.3 kPa, heat fluxes from 10 to 80 kW m~2, nano-
particle concentrations in the nanoparticles/oil suspension from 0 to 30 wt%, and nanoparticles/oil
suspension concentrations from 0 to 5 wt%. The experimental results indicate that the nucleate pool boil-
ing heat transfer coefficient of R113/oil mixture with Cu nanoparticles is enhanced by a maximum of
Nucleate boiling 23.8% with the decrease of nanoparticle size from 80 to 20 nm under the present experimental condi-
Refrigerant tions, and the enhancement increases with the decrease of nanoparticles/oil suspension concentration
oil or the increase of nanoparticles concentrations in the nanoparticles/oil suspension. A general nucleate
pool boiling heat transfer coefficient correlation for refrigerant/oil mixture with nanoparticles is pro-
posed, and it agrees with 93% of the existing experimental data of refrigerant/oil mixture with nanopar-
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ticles within a deviation of +20%.
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1. Introduction

As a new type heat transfer fluid, nanofluid (i.e., the mixture of
host fluid and nanoparticles) can be used to enhance the heat
transfer of heat exchangers. The nanoparticle size has significant
effects on the thermophysical properties of nanofluid [1-3] and
the convective heat transfer characteristics of nanofluid [4-6], so
it may have effects on the overall performance of the heat exchang-
ers using nanofluid. In recent years, nanofluids have been used for
improving the performance of vapor compression refrigeration
systems [7-9]. In the air-cooled evaporators, the boiling heat trans-
fer in evaporators is the flow boiling heat transfer inside tubes. In
the flooded evaporators, the boiling heat transfer in evaporators is
the pool boiling outside tube surfaces. For most refrigeration sys-
tems, the air-cooled evaporators are used, and lubricating oil used
in the compressor circulates with the working refrigerant. In order
to evaluate the effect of nanoparticle size on the overall perfor-
mance of air-cooled evaporators in refrigeration systems, the effect
of nanoparticle size on the flow boiling heat transfer of refrigerant/
oil mixture with nanoparticles inside tubes should be known. As
the flow boiling heat transfer is the combination of nucleate pool
boiling heat transfer and convective heat transfer, the effect of
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nanoparticle size on the nucleate pool boiling heat transfer of
refrigerant/oil mixture with nanoparticles on horizontal surface
needs to be investigated firstly in order to know how nanoparticle
size influences boiling heat transfer inside an evaporator.

The research on the nucleate pool boiling heat transfer charac-
teristics of refrigerant/oil mixture with nanoparticles or pure
refrigerant with nanoparticles have been reported in literatures
[10-12]. Experiments on the nucleate pool boiling heat transfer
of R134a/oil mixture with CuO nanoparticles showed that the
CuO nanoparticles cause a heat transfer enhancement compared
with the heat transfer of R134a/oil mixture [10]. Experiments on
the nucleate pool boiling heat transfer of R113/oil mixture with
diamond nanoparticles showed that the diamond nanoparticles
also cause a heat transfer enhancement compared with the heat
transfer of R113/oil mixture, and the enhancement effect of dia-
mond nanoparticle on the nucleate pool boiling heat transfer is
higher than that of CuO nanoparticle at the same condition [11].
Experiment on the nucleate pool boiling heat transfer of pure
R141b with TiO, nanoparticles showed that the nucleate pool boil-
ing heat transfer deteriorates with the increase of nanoparticle
concentration, especially at high heat fluxes [12]. However, nano-
particles of only one size were used in each of the above research,
and the effect of nanoparticle size on the nucleate pool boiling heat
transfer of refrigerant/oil mixture with nanoparticles or pure
refrigerant with nanoparticles was not investigated.
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Nomenclature
G, isobaric specific heat (J kg~' K1) p density (kg m~3)
dp average diameter of nanoparticles (m) 4 surface tension (N m™1)
Fs nanoparticle size impact factor (O nanoparticle concentration in the nanoparticles/oil sus-
h nucleate pool boiling heat transfer coefficient pension

(Wm2K)
heg latent heat of vaporization (] kg~!) Subscripts
q heat flux (W m~2) b boiling
R, average roughness of heating surface (m) c copper
T temperature (°C) f saturated liquid
Xno nanoparticles/oil suspension concentration g saturated vapor
Yn nanoparticle concentration in the refrigerant/oil mixture n nanoparticles

with nanoparticles o oil

r refrigerant

Greek symbols sat saturation
yi thermal conductivity (W m~! K1) w test surface
u dynamic viscosity (Pa s)

For the effect of nanoparticle size on the nucleate pool boiling
heat transfer characteristics of nanofluids, the research are focused
on the water-based nanofluids [13,14]. Experiments on the nucle-
ate pool boiling of water-based nanofluids with alumina nanopar-
ticles (average sizes of 47 and 150 nm) on vertical tubular heaters
with various surface roughnesses (48, 98 and 524 nm) showed that
the heat transfer is decreased when the average particle size is of
the order of the surface roughness, and is greatly increased when
the average particle size is much smaller than the surface rough-
ness [13]. Experiments on the nucleate pool boiling of water-based
nanofluids containing alumina nanoparticles (average sizes of 47
and 150 nm) on a smooth tube (average surface roughness of
48 nm) showed that the lesser number of larger particles
(150 nm) are in the range of the average surface roughness, and
the nanofluid with larger particles (150 nm) provides higher heat
transfer [14]. As the thermophysical properties of refrigerant/oil
mixture are different from those of water, the effect of nanoparticle
size on the nucleate pool boiling heat transfer characteristics of
refrigerant/oil mixture with nanoparticles may be different from
that of water-based nanofluid. Therefore, it is necessary to investi-
gate the effect of nanoparticle size on the nucleate pool boiling
heat transfer characteristics of refrigerant/oil mixture with
nanoparticles.

For predicting the nucleate pool boiling heat transfer coefficient
of refrigerant/oil mixture with nanoparticles, Peng et al. [11] pro-
posed a correlation, in which the effects of nanoparticle types
(CuO and diamond) and host fluid types (R134a/RL68H mixture
and R113/VG68 mixture) are reflected. However, the effect of
nanoparticle size is not considered in this correlation.

The purpose of this study emphasizes on the effect of nanopar-
ticle size on the nucleate pool boiling heat transfer characteristics
of refrigerant/oil mixture with nanoparticles. Different from the
study by Peng et al. [11], the nanoparticles with different sizes
are used in the present experimental study instead of the nanopar-
ticles of only one size used in the study by Peng et al. [11]. More-
over, a novel correlation is proposed by introducing the size effect
to improve the published Peng’s correlation which does not con-
sider the effect of nanoparticle size.

2. Preparation and characterization of refrigerant/oil mixture
with nanoparticles

In order to investigate the effect of nanoparticle size on the
nucleate pool boiling heat transfer characteristics of refrigerant/
oil mixture with nanoparticles, three types of Cu nanoparticles pro-

duced by hydrogen direct current arc plasma evaporation method
are used. The median nanoparticle diameters of these three types
of Cu nanoparticles are in the ranges of 10-30 nm, 30-60 nm,
and 60-100 nm, respectively. Their average diameters (dp) are
20 nm, 50 nm and 80 nm, as reported by the manufacturer. The
properties of Cu nanoparticles are given in Table 1, and the TEM
(transmission electron microscope) photographs of Cu nanoparti-
cles are shown in Fig. 1.

R113 is in liquid state at ambient temperature and pressure
while the widely used refrigerants (e.g., R410A and R134a) are in
vapor state, so it is much easier to prepare well-dispersed refriger-
ant/oil mixture with nanoparticles based on R113 than that based
on the widely used refrigerants (e.g., R410A and R134a). Therefore,
R113 is chosen as the host refrigerant in the present study, just as
Ding et al. [15] and Peng et al. [11] did. The properties of refriger-
ant R113 are given in Table 2.

For the preparation of refrigerant/oil mixture with nanoparti-
cles, the lubricating oil VG68 is used. VG68 is an ester oil with a
density of 0.964gcm~3 at 15°C and kinematic viscosities of
66.79 and 8.23 mm?s~! at 40 °C and 100 °C, respectively, as re-
ported by the manufacturer. No surfactant is used in the present
study in order to avoid the sorption and agglutination phenome-
non during nanofluid boiling heat transfer process [16] and the dis-
turbance of surfactant on the pool boiling heat transfer
characteristics of the nanofluid [12,17,18].

R113/0il mixture with Cu nanoparticles is prepared by the fol-
lowing steps: (1) weighing the required mass of Cu nanoparticles
by a digital electronic balance with a measurement range of
10 mg to 210 g and a maximum error of 0.1 mg; (2) putting the
Cu nanoparticles into the weighed lubricating oil VG68 to form a
Cu nanoparticles/oil suspension; (3) putting the Cu nanoparti-
cles/oil suspension into the weighed R113 to form a R113/oil mix-
ture with Cu nanoparticles; (4) vibrating the R113/oil mixture with
Cu nanoparticles by an ultrasonic processor for 1 h to stabilize the
dispersion of nanoparticles. Experimental observation shows that

Table 1

Properties of Cu nanoparticles.
Property Unit Value
Atomic mass g/mol 63.54
Average particle diameter nm 20, 50, 80
Density kg m3 8920
Thermal conductivity Wm'K! 398
Isobaric specific heat Jkg 'K 385




H. Peng et al./International Journal of Heat and Mass Transfer 54 (2011) 1839-1850 1841

(c) 80 nm

Fig. 1. TEM photographs of Cu nanoparticles: (a) 20 nm; (b) 50 nm and (c) 80 nm.

Table 2
Properties of refrigerant R113.

Property Unit Value or format
Chemical formula - CI2FC-CCIF2
Molecular mass g/mol 187.37

Normal boiling point °C 47.6

Critical temperature °C 2141

Critical pressure MPa 3.39

the stable dispersion of Cu nanoparticles can be kept for more than
12 h without coagulation or deposition. The duration of the exper-
iment for each sample of R113/oil mixture with Cu nanoparticles is
less than 4 h which is much shorter than 12 h, so the R113/oil mix-
ture with Cu nanoparticles can maintain good uniformity in the
experiment.

In order to conveniently describe the composition of the R113/
oil mixture with Cu nanoparticles, the following concentrations are
defined in this paper.

(1) Nanoparticle concentration in the nanoparticles/oil suspen-
sion, wy, is defined as the ratio of the mass of nanopaticles
to the mass of nanoparticles/oil suspension, shown as Eq.

(1):

My

Wy =———
my + m,

(1)

where m,, is the mass of nanoparticles, and m, is the mass of
lubricating oil.

(2) Nanoparticles/oil suspension concentration, x,,, is defined
as the ratio of the mass of nanoparticles/oil suspension to
the mass of refrigerant/oil mixture with nanoparticles,
shown as Eq. (2):

My,
Xno = ——————
Mpo + Mg

@)

where m,, is the mass of nanoparticles/oil suspension, and
m; is the mass of refrigerant.

(3) Nanoparticle concentration in the refrigerant/oil mixture
with nanoparticles, y,, is defined as the ratio of the mass
of nanoparticles to the mass of refrigerant/oil mixture with
nanoparticles, and is calculated by Eq. (3):

Yn = Wn - Xnp 3)

In the present study, three R113/oil mixtures with Cu nanoparticles,
containing nanoparticles/oil suspension at concentrations (x,,) of 1,
3 and 5 wt%, respectively, are prepared. For x,, =1 wt%, the nano-
particle concentrations in the nanoparticles/oil suspension ()
are 10, 20 and 30 wt%. For x,, =3 wt% and x,, =5 wt%, the value
of w, is 20 wt%. Correspondingly, there are five nanoparticle con-
centrations in the refrigerant/oil mixture with nanoparticles (y,),
i.e, 0.1, 0.2, 0.3, 0.6 and 1.0 wt%, as shown in Table 3.
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Table 3
Test conditions.
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Test fluid and its composition (mass fraction in the mixture) y (Wt%) Xno (WE%) Yn (WE%) Heat flux (kW m—2) Saturation pressure (kPa)
R113/VG68 (99/1) - - - 10-80 101.3
R113/VG68 (97/3) - - -

R113/VG68 (95/5) - - -

R113/VG68/20nm-Cu (99/0.8/0.2) 20 1 0.2

R113/VG68/50nm-Cu (99/0.8/0.2) 20 1 0.2

R113/VG68/80nm-Cu (99/0.8/0.2) 20 1 0.2

R113/VG68/20nm-Cu (97/2.4/0.6) 20 3 0.6

R113/VG68/50nm-Cu (97/2.4/0.6) 20 3 0.6

R113/VG68/80nm-Cu (97/2.4/0.6) 20 3 0.6

R113/VG68/20nm-Cu (95/4/1) 20 5 1

R113/VG68/50nm-Cu (95/4/1) 20 5 1

R113/VG68/80nm-Cu (95/4/1) 20 5 1

R113/VG68/20nm-Cu (99/0.9/0.1) 10 1 0.1

R113/VG68/50nm-Cu (99/0.9/0.1) 10 1 0.1

R113/VG68/80nm-Cu (99/0.9/0.1) 10 1 0.1

R113/VG68/20nm-Cu (99/0.7/0.3) 30 1 0.3

R113/VG68/50nm-Cu (99/0.7/0.3) 30 1 0.3

R113/VG68/80nm-Cu (99/0.7/0.3) 30 1 0.3

3. Experimental facility and procedure
3.1. Experimental facility

Similar to that used by Peng et al. [11], the experimental facility
used for testing the nucleate pool boiling heat transfer characteris-
tics of the refrigerant/oil mixture with nanoparticles consists of
three parts (i.e., a test section, a boiling apparatus and a condensa-
tion loop), as schematically shown in Fig. 2.

(1) The test section is fabricated by a copper block. Fig. 3 shows
the geometry and size of the test section. Generally, several
thermocouples are needed in the test section to obtain the
temperature gradient of the test surface accurately, and then
to calculate the heat flux and the test surface temperature
[18]. In the present study, five calibrated K-type thermocou-
ples with the precision of +0.1°C are inserted into five
1.0 mm diameter holes in the top part of the copper block.
A cartridge heater is inserted into the copper block from
the bottom, and it provides the copper block with the
needed heating power. A voltage regulator and a power
meter are connected with the cartridge heater to adjust
and display the heating power, respectively. The top surface
of the copper block is horizontal, and is used as the test sur-
face for pool boiling heat transfer experiments. This surface
is circular with a diameter of 20.0 mm, and flat with an aver-
age roughness (R,) of 1.6 pm.

(2) The boiling apparatus mainly consists of a transparent glass
chamber, an electrical heating wire and a charge device for
refrigerant/oil mixture with nanoparticles. The transparent
glass chamber with the size of 150.0 mm x 150.0 mm
x 200.0 mm is used to contain the test fluid. The bottom of
the boiling chamber is a copper plate with a circular hole at
the center. The copper block is linked with the copper plate
by a Teflon connector, ensuring the test surface exposed in
the pool liquid. One part of the copper block is under the plate,
and insulated with glass fibers to reduce heat loss to the sur-
roundings. The top of the boiling chamber is also a copper
plate with seven circular holes, which are connected with
theinlet and outlet of the condensation loop, the inlet and out-
let of electrical heating wire, the charge device for refrigerant/
oil mixture with nanoparticles, the vacuum pump and the K-
type thermocouple for measuring the liquid temperature. The
electrical heating wire is an auxiliary heater to maintain the
nucleate boiling of the test fluid and to control the saturation

pressure. A pressure transducer with the precision of +0.1 kPa
connected with the transparent glass chamber is used to mon-
itor the pressure inside the chamber.

(3) The condensation loop mainly consists of a condensing coil, a
pump, a cool water bath and a valve. The condensing coil is used
to condense the vapor produced in the pool boiling and the con-
densed liquid returns to the glass chamber by gravity.

The heat flux through the test surface is controlled by adjusting
the heating power of the cartridge heater. The saturation pressure
is controlled by two methods: (1) adjusting the heating power of
the electrical heating wire and (2) adjusting the mass flow rate
of the cool water by controlling the opening of the valve in the con-
densation loop.

3.2. Experimental procedure

The nucleate pool boiling heat transfer characteristics of the
refrigerant/oil mixture with nanoparticles is tested at the heat flux
from 10 to 80 kW m ™2, and the saturation pressure of 101.3 kPa. Be-
fore each experiment, the air in transparent glass chamber is re-
moved by a vacuum pump firstly, and then the test fluid is charged
into the transparent glass chamber and heated to the saturation
pressure. The measurement starts from the lowest heat flux
(10 kW m~?) at a fixed saturation pressure. If the temperature vari-
ation of copper block is smaller than 1 °C in 10 min, the heat transfer
process can be considered to reach a steady state. For example, in the
experiment for R113/VG68/50 nm-Cu (w, = 20 wt%, x,, = 1 wt%) at
the heat flux of 50 kW m~2, it is observed that the variations of the
measured five temperatures on the copper block are all smaller than
0.5 °C in 10 min when the steady state is reached. After that, the li-
quid temperature, the five temperatures on the cooper block and
the heating power to the copper block are recorded. Then the heat
flux is increased by the increment of 5 kW m~2, and the above proce-
dure is repeated. After each experiment, pure R113 is injected into
the boiling chamber to remove the nanoparticles/oil suspension
from the glass chamber and the test surface. The test surface is also
cleaned by acetone to remove the sticking nanoparticles, ensuring
no change of the test surface characteristics.

3.3. Test conditions
Test conditions are tabulated in Table 3. All signals of tempera-

ture, pressure are collected by a data acquisition system and trans-
mitted to a computer after the system reaches a steady state.
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Fig. 2. Schematic diagram of experimental setup.

4. Data reduction and uncertainties

The nucleate pool boiling heat transfer coefficient, h, is calcu-
lated as:

h=q/(Tw — Tsat) (4)

where q is the heat flux, T,y is the test surface temperature, and T,
is the saturated liquid temperature.

The heat flux, g, is calculated by Eqs. (5) and (6) based on the
one-dimensional heat conduction equation:

dT
4=ty ., (5)
T=a; +0az (6)

where /. is the copper thermal conductivity, z is the coordinate per-
pendicular to the test surface, a; and a, are constants correlated
based on the measured five temperatures on the copper block, i.e.,
Ty, T, T3, T4 and Ts (the locations of Ty, T, T3, T4 and Ts are shown
in Fig. 3). The one-dimensional temperature distribution on the
copper block is shown in Fig. 4. As an example, the test conditions
showed in Fig. 4 cover the test fluid of R113/VG68/20 nm-Cu
(wn =20 wWt%, xno=1wt%) and the heat fluxes of 10, 50 and
80 kW m 2. It can be seen from Fig. 4 that the measured five tem-
peratures are in the linear distribution.
The test surface temperature, T, is calculated as:

Tw= (1 +@2)| o= (7)

The saturated liquid temperature, Ts,,, changes with the varia-
tions of the compositions of refrigerant/oil mixture with nanopar-
ticles. The value of the saturated liquid temperature is measured

by the K-type thermocouple, and the measured value of the satu-
rated liquid temperature can reflect its change with the variations
of the compositions of refrigerant/oil mixture with nanoparticles.

The uncertainty of nucleate pool boiling heat transfer coeffi-
cient, Ah, is calculated as:

om\? oh\* oh \* 5
Ah = — | Ag? —— | AT AT 8
\/<6q> @+ (51s) AT+ (51, AT ®)
By substituting Eqs. (4)-(8), the relative uncertainty of nucleate
pool boiling heat transfer coefficient is calculated as:

Ah o Aq 2 AT, ’ AT sy 2
T - \/(7> + (TW - Tsat) + (Tw - Tsat) (9)

The maximum relative uncertainty of nucleate pool boiling heat
transfer coefficient is obtained at the condition of the smallest test
surface temperature and the largest saturated liquid temperature,
and calculated to be 9.2%.

5. Experimental results and analysis

5.1. Effect of nanoparticle size on the nucleate pool boiling heat
transfer coefficient of refrigerant/oil mixture with nanoparticles

The nucleate pool boiling heat transfer coefficients of R113/oil
mixtures with three different size Cu nanoparticles (d, =20, 50
and 80 nm) are shown in Fig. 5. It can be seen from Fig. 5 that
the R113/oil mixture with Cu nanoparticles has higher nucleate
pool boiling heat transfer coefficient than the R113/oil mixture
without nanoparticles, meaning the presence of nanoparticles
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enhances the nucleate pool boiling heat transfer. The enhancement
increases with the decrease of nanoparticle size, and it can reach
up to 49% at the smallest nanoparticle size (d,=20nm) under
the present experimental conditions. The possible reasons for the
nucleate pool boiling heat transfer enhancement are as follows:
(1) The nano-scale porous layer forms on the heating surface due
to the interaction between the nanoparticles and the heating sur-
face [8,10,19], thus the active nucleation site density increases
[20], which leads to the enhancement of the nucleate pool boiling
heat transfer. (2) The nanoparticles in the lubricant excess layer
interact with bubbles, inducing secondary nucleation on the bub-
bles [10], which leads to the enhancement of the nucleate pool
boiling heat transfer. (3) The thermal conductivity of Cu nanopar-
ticle (398 Wm ™! K ') is four or three orders of magnitude higher
than that of R113 (0.064Wm 'K™!) or lubricating oil
(0.13Wm~! K1), respectively, so the thermal conductivity of
R113/oil mixture with Cu nanoparticles is larger than that of
R113/oil mixture. The increase of thermal conductivity causes
the decrease of the superheat degree of the bubble nucleation,
which leads to the enhancement of the nucleate pool boiling heat
transfer.

80 "
—0—4=10 kWm
76k —eo—g=50 ka_2
—L— =80 kWm
Q 72k
2
2 68F
£
Q
)
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0 5 o 15 20 25 30 35
Distance from test surface (mm)

Fig. 4. One-dimensional temperature distribution on the copper block.

Fig. 5 also shows that the nucleate pool boiling heat transfer coef-
ficient of R113/oil mixture with Cunanoparticles increases by a max-
imum of 23.8% with the decrease of nanoparticle size from 80 to
20 nm under the present experimental conditions, which means
the R113/oil mixture with smaller size Cu nanoparticles has higher
nucleate pool boiling heat transfer coefficient at a fixed nanoparticle
concentration in the nanoparticles/oil suspension (w,) and nanopar-
ticles/oil suspension concentration (x,,). The reasons for this
phenomenon include the following two aspects.

(1) Effect of nanoparticle size on the thermophysical properties
of refrigerant/oil mixture with nanoparticles.

Thermal conductivity and surface tension have influences on
the bubble nucleation during the nucleate pool boiling process of
fluid. Increasing thermal conductivity and decreasing surface ten-
sion will decrease the superheat degree of bubble nucleation, caus-
ing the enhancement of the nucleate pool boiling heat transfer. The
surface tension of nanofluid is very close to that of the host fluid
[17], so the effect of nanoparticle size on the surface tension of
refrigerant/oil mixture with nanoparticles can be ignored. Mean-
while, the thermal conductivity of nanofluid increases with the de-
crease of nanoparticle size [1-3], thus the superheat degree of
bubble nucleation for refrigerant/oil mixture with nanoparticles
decreases with the decrease of nanoparticle size, which leads to
the enhancement of nucleate pool boiling heat transfer coefficient
with the decrease of nanoparticle size.

(2) Effect of nanoparticle size on the interaction between nano-
particles and heating surface.

The interaction between nanoparticles and heating surface is
decided by the nanoparticle size (d,) and the heating surface
roughness (R,). The number of nucleation sites is decreased when
the average particle size is of the order of the surface roughness,
and is greatly increased when the average particle size is much
smaller than the surface roughness [13]. Therefore, when the ratio
of heating surface roughness to nanoparticle size (R,/d,) is much
larger than 1, the nucleate pool boiling heat transfer is enhanced;
otherwise, the nucleate pool boiling heat transfer is deteriorated.
In the present study, R,/d, is from 20 to 80, so the nucleate pool
boiling heat transfer of refrigerant/oil mixture with nanoparticles
is always enhanced. At a certain heating surface roughness,
decreasing nanoparticle size can intensify the split of a single
nucleation site into multiple ones as well as increase the interac-
tion force between nanopaticles and heating surface [13], so the
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Fig. 5. Nucleate pool boiling heat transfer coefficients of R113/oil mixtures with three different size Cu nanoparticles (d, = 20 nm, 50 nm and 80 nm).

nucleate pool boiling heat transfer coefficient increases with the Fs = heno/heo (10)

decrease of nanoparticle size. . - .
P where h;, is the nucleate pool boiling heat transfer coefficient of

refrigerant/oil mixture with nanoparticles, and h;, is the nucleate

5.2. Nanoparticle size impact factor, Fs pool boiling heat transfer coefficient of refrigerant/oil mixture.
Fig. 6 shows the nanoparticle size impact factor (F;) changing
In order to analyze the effect of nanoparticle size on the nucle- with the heat flux. From Fig. 6(a)-(c), it can be seen that at a fixed
ate pool boiling heat transfer quantitatively, nanoparticle size im- nanoparticle concentration in the nanoparticles/oil suspension
pact factor, F;, is defined as the ratio of the nucleate pool boiling (wn=20wt%), Fs are in the ranges of 1.10-1.42, 1.09-1.38, and
heat transfer coefficient of refrigerant/oil mixture with nanoparti- 1.08-1.31 when the values of nanoparticles/oil suspension concen-

cles to that of refrigerant/oil mixture, presented as Eq. (10): tration (x,,) are 1, 3 and 5 wt%, respectively. F; increases with the
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decrease of x, . The possible reason for this phenomenon is as fol-
lows. The viscosity of refrigerant/oil mixture with nanoparticles in-
creases with the increase of x,,. The increase of viscosity causes
the decrease of Brownian motion velocities of nanoparticles as well
as the collision possibility between nanoparticles and heating sur-
face, and then weakens the effect of nanoparticle size on the inter-
action between nanoparticles and heating surface.

From Fig. 6(a), (d) and (e), it can be seen that at a fixed nanopar-
ticles/oil suspension concentration (x,,=1wt%), F; are in the
ranges of 1.05-1.29, 1.10-1.42, and 1.12-1.49 when the values of
nanoparticle concentration in the nanoparticles/oil suspension
(wy) are 10, 20 and 30 wt%, respectively. Fs increases with the in-
crease of w,, and this phenomenon might be resulted from that
the collision possibility between nanoparticles and heating surface
increases with the increase of w,, causing the effect of nanoparticle
size on the interaction between nanoparticles and heating surface
to be obvious.

6. A general nucleate pool boiling heat transfer coefficient
correlation for refrigerant/oil mixtures with nanoparticles

6.1. Basic idea for the development of the general correlation

The nucleate pool boiling heat transfer characteristics of a fluid
are affected by the fluid type and heating surface characteristics.
For the refrigerant/oil mixtures with nanoparticles, the factors
influencing the fluid type and the heating surface characteristics
mainly include the nanoparticle type, the host fluid (i.e., refriger-
ant/oil mixture) type, and the nanoparticle size. Therefore, the
above three factors should be reflected in the nucleate pool boiling
heat transfer coefficient correlation for refrigerant/oil mixtures
with nanoparticles.

Peng et al. correlation [11] is the only existing nucleate pool
boiling heat transfer coefficient correlation for refrigerant/oil mix-
tures with nanoparticles, and is developed based on Rohsenow cor-
relation [21]. In Peng et al. correlation, the thermophysical
properties of refrigerant/oil mixture with nanoparticles are used
instead of the properties of pure fluid in Rohsenow correlation,
so the effects of nanoparticle type and host fluid type can be
reflected. However, the effect of nanoparticle size can not be
reflected in Peng et al. correlation for the following two reasons:
(1) The coefficient depending on the experimental data, Cg, is the
function of the nanoparticle concentration in the nanopartilces/
oil suspension (w,) and the nanopartilces/oil suspension concen-
tration (x,,), and not related to the nanoparticle size. (2) Cy is cor-
related based on the experimental data of the nucleate pool boiling
heat transfer for refrigerant/oil mixture with nanoparticles of only

hr.n.o = q

6.2. Development and verification of the general correlation

By using the thermophysical properties of refrigerant/oil mix-
tures with nanoparticles instead of the thermophysical properties
of pure fluid in Rohsenow correlation, the nucleate pool boiling
heat transfer coefficient of refrigerant/oil mixtures with different
size nanoparticles, h; ., can be calculated by Eqs. (11) and (12):

heno = q/ATy (11)

033 "
ATb _ Csfhfg q Orno |:CP-,F-H,0vf/’tr.n,o,f:|
CP-fvn»O-f Hr.n,o,fhfg g(pr.n,u,f - pr,g) j'l'»rl-va

where q is the heat flux; AT, is the temperature difference; Gy r.n0
Urnos and /. n o are the isobaric specific heat, the dynamic viscosity
and the thermal conductivity of liquid refrigerant/oil mixture with
nanoparticles, respectively; o;n, is the surface tension of refriger-
ant/oil mixture with nanoparticles, p;¢ and p; o are the densities
of vapor refrigerant and liquid refrigerant/oil mixture with nanopar-
ticles, respectively; heg is the latent heat of vaporization. The methods
for calculating the properties of the nanopartilces/oil suspension, the
refrigerant/oil mixture with nanoparticles, and the refrigerant/oil
mixture are presented in Appendices A-C, respectively.

In Eq. (12), the coefficient depending on the experimental data,
G, is expressed as Eq. (13):

(12)

Cy :a+b%+cwn+dxn,0 (13)
0

where d, is the benchmark nanoparticle size, and the value of dy is
100 nm.The five coefficients of n, a, b, c and d in Egs. (12) and (13)
should be fitted according to the experimental data of the refriger-
ant/oil mixtures with different size nanoparticles. In the present
study, total 818 data are used for the fitting, including 225 experi-
mental data of R113/oil mixtures with three different size Cu nano-
particles (i.e., 20, 50 and 80nm) in the present study, 458
experimental data of R134a/oil mixture with 30 nm CuO nanoparti-
cles presented by Kedzierski and Gong [10], 135 experimental data
of R113/o0il mixture with 10 nm diamond nanoparticles presented
by Peng et al. [11]. Experimental conditions of the total 818 data
cover the nanoparticle size from 10 to 80 nm, the nanoparticle con-
centrations in the nanolubricant from 0 to 30 wt%, and the nanolu-
bricant concentrations from 0 to 5 wt%.

By nonlinear programming solution method, the five coeffi-
cients of n, a, b, c and d can be obtained as 1.3068, 0.0093,
0.00356, —0.0048 and 0.0025, respectively. Therefore, the general
correlation can be expressed as Eq. (14):

(14)

Cp.r n,o.,f

o (0.0093 +0.00356 % — 0.00481, + 0.0025% ) L,

one size. Therefore, a general correlation should be developed,
reflecting not only the effects of nanoparticle type and host fluid
type but also the effect of nanoparticle size.

To reflect the effect of nanoparticle size, the following modifica-
tions should be made to Peng et al. correlation. (1) The coefficient
depending on the experimental data, Cs, should be expressed as
the function of nanoparticle size (dp,), the nanoparticle concentration
in the nanopartilces/oil suspension (w,) and the nanopartilces/oil
suspension concentration (X,,), shown as Cy = f(dp, Wn, Xno). (2)
Cs¢ should be correlated based on the experimental data of the
nucleate pool boiling heat transfer for refrigerant/oil mixture with
different size nanoparticles.

q
o \/ &(Prnof—Prg

033
1.3068
Orno Cp.r.n.o flrnof
) kr.n.o.f

The general correlation is verified with the experimental data, as
shown in Fig. 7. It can be seen from Fig. 7(a)-(c) that the predicted
values of the general correlation can agree with 97% of the experi-
mental data of R113/oil mixtures with three different size Cu nano-
particles (i.e., 20, 50 and 80 nm) in the present study within a
deviation of +10%. Fig. 7(d) shows that the predicted values can agree
with 88% of the experimental data of R134a/oil mixture with 30 nm
CuO nanoparticles presented by Kedzierski and Gong [10] within a
deviation of £20%. Fig. 7(e) shows that the predicted values can agree
with 98% of the experimental data of R113/oil mixture with 10 nm
diamond nanoparticles presented by Peng et al. [11] within a devia-
tion of +15%. In summary, the general correlation agrees with 93% of
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Fig. 6. Nanoparticle size impact factor (F) vs. heat flux.

the existing experimental data of refrigerant/oil mixture with nano-
particles within a deviation of +20%.

(1) The nucleate pool boiling heat transfer coefficient of R113/oil
mixture with Cu nanoparticles increases by a maximum of

23.8% with the decrease of nanoparticle size from 80 to

7. Conclusions

20 nm under the present experimental conditions, meaning

that the R113/oil mixture with smaller size Cu nanoparticles

Effect of nanoparticle size on nucleate pool boiling heat transfer
characteristics of R113/oil mixture with Cu nanoparticles was
investigated experimentally, and the following conclusions are

provides higher nucleate pool boiling heat transfer coefficient.
(2) The nanoparticle size impact factor (F;) increases with the

decrease of nanoparticles/oil suspension concentration

obtained. (Xno), and increases with the increase of nanoparticle
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Fig. 7. Comparison of the predicted values of the general correlation with the experimental data.

concentration in the nanoparticles/oil suspension (w,). At a
fixed w,, the values of Fs are in the ranges of 1.10-1.42,
1.09-1.38, and 1.08-1.31 when the values of x,, are 1, 3
and 5 wt%, respectively; while at a fixed x,,, the values of
F; are in the ranges of 1.05-1.29, 1.10-1.42, and 1.12-1.49
when the values of w, are 10, 20 and 30 wt%, respectively.
(3) A general nucleate pool boiling heat transfer coefficient
correlation for refrigerant/oil mixtures with nanoparticles
is proposed, reflecting not only the effects of nanoparticle
type and host fluid type but also the effect of nanoparticle
size. The predicted values of the general correlation

agree with 93% of the existing experimental data of refriger-

ant/oil mixture with nanoparticles within a deviation of
+20%.
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Appendix A. Calculation methods for the properties of nanoparticles/oil suspension

Property Correlation of calculating property

Specific heat, ] kg~! K~ [22] Cpno = (1= @,)Cpo + PnCpn (A1)

Viscosity, Pa s [23] oo = Hoﬁ (A2)

- ~¢n
Thermal conductivity, Wm~' K~ [24] G g 224 (n 7o) 1+ (2Lisyer/dp)’ (A3)
1O 0+ 200— 0y (In—70) 1+ (2Liayer /dp)°

Surface tension, Nm~! [17] Ono =00 (A4)

Density, kg m—> Pno=(1=¢n)po+ PnPn (A5)

Volume fraction of nanoparticles in the nanoparticles/oil suspension On = m (A6)
Appendix B. Calculation methods for the properties of refrigerant/oil mixture with nanoparticles

Property Correlation of calculating property

Specific heat, J kg~! K~! [25] Cprnof=(1 = Xn0)Cprf *+ Xn.0Cpno (A7)

Viscosity, Pa s [26] Uy o = €FnolMno+(1=Xn0) In fr) (A8)

Thermal conductivity, Wm~' K~ [27] drnof = rf(1 = Xno) + AnoXno — 0.72Xno(1 — Xno)(Ano — Arf) (A9)

Surface tension, Nm~! [25] Otno = Or + (Gno — 01)X83 (A10)

Density, kg m—3 o 1) ! (A11)
Appendix C. Calculation methods for the properties of refrigerant/oil mixture

Property Correlation of calculating property

Specific heat, ] kg~ K~ [25] Cprof=(1 = X0)Cprf+XoCpo (A12)

Viscosity, Pa s [26] Uy o = e Inpo+(1=Xo)In i) (A13)

Thermal conductivity, Wm~! K~! [27] Jrof = Arp(1 = Xo) + JoXo — 0.72%o(1 — Xo) (Yo — Arf) (A14)

Surface tension, N m~! [25] Oro = Or + (G0 — 071)x05 (A15)

Density, kg m— (A16)

-1
¢ 1-x
Prof = (iJr Prro)
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